The overall goal of this work is to refine, validate, and transition a spectrum-matching and look-uptable (LUT) technique for rapidly inverting remotely sensed hyperspectral reflectances to extract environmental information such as water-column optical properties, bathymetry, and bottom classification. The work also seeks to combine hyperspectral imagery and LIDAR bathymetry to improve the capabilities of both.
LONG-TERM GOAL
The overall goal of this work is to refine, validate, and transition a spectrum-matching and look-uptable (LUT) technique for rapidly inverting remotely sensed hyperspectral reflectances to extract environmental information such as water-column optical properties, bathymetry, and bottom classification. The work also seeks to combine hyperspectral imagery and LIDAR bathymetry to improve the capabilities of both.
OBJECTIVES
My colleagues and I are developing and evaluating a new technique for the extraction of environmental information including water-column inherent optical properties (IOPs) and shallowwater bathymetry and bottom classification from remotely-sensed hyperspectral ocean-color spectra. We address the need for rapid, automated interpretation of hyperspectral imagery. This year's work centered on streamlining the software for efficient image processing and on expanding the database of hyperspectral reflectance spectra used to process imagery. We also began to investigate ways to combine the LUT analysis of hyperspectral imagery with bathymetry obtained from LIDAR. The research issues center on development and evaluation of spectrum-matching algorithms, including quantification of how various types of errors in the measured spectrum influence the retrieved environmental data.
APPROACH
The LUT methodology is based on a spectrum-matching and look-up-table approach in which the measured remote-sensing reflectance spectrum is compared with a large database of spectra corresponding to known water, bottom, and external environmental conditions. The water and bottom conditions of the water body where the spectrum was measured are then taken to be the same as the conditions corresponding to the database spectrum that most closely matches the measured spectrum.
In the LUT work to date, we have been simultaneously retrieving water column IOPs, bottom depth, and bottom classification at each pixel from the PHILLS R rs spectra. This is much to ask from a simple R rs spectrum, but we have conclusively shown that all of this information is uniquely contained in hyperspectral reflectance signatures and that the information can be extracted with considerable accuracy . Nevertheless, in many situations of practical interest, additional information, such as LIDAR bathymetry, will be available and should be used to constrain the LUT retrieval.
There is currently much interest in combining LIDAR bathymetry with hyperspectral imagery. In such a situation, the LIDAR can be use to recover accurate bathymetry over part or all of the area seen by the hyperspectral imager. The LIDAR-retrieved bottom depth can then be taken as known when performing the LUT spectrum matching to obtain water column IOPs and bottom classification. Knowing the bottom depth (which in some situations also may be known from nautical charts or from acoustic surveys) removes one of the unknowns in the LUT spectrum matching, and we consequently expect that the LUT recovered IOPs and bottom classification with then be more accurate.
WORK COMPLETED
My work is carried out in close collaboration with my colleagues P. Bissett, D. Kohler, and others at the Florida Environmental Research Institute (FERI). We initially applied the LUT technique to Ocean PHILLS (Ocean Portable Hyperspectral Imager for Low-Light spectroscopy; Davis, et al., 2002) imagery taken during the ONR CoBOP (Coastal Benthic Optical Properties) field experiments at Lee Stocking Island (LSI), Bahamas. Those initial results are reported in ; see also the figures below.
We have also compared bathymetry obtained by LUT applied to PHILLS imagery acquired near Looe Key, Florida in October 2002 with SHOALS LIDAR bathymetry of the same area. That work is described in an annual report by P. Bissett. This year we also performed the first LUT retrievals for turbid, case 2 waters. Our first application was to Humboldt Bay, CA, whose waters are characterized by high sediment and CDOM concentrations. Just as with the clear Bahamas waters, LUT successfully retrieved the bathymetry down to the depth (two to three meters) at which the bottom can be "seen" in the Humboldt Bay imagery. The retrieved water column IOPs were also consistent with field data.
I also performed a study of various error effects on the LUT retrievals (Mobley, 2004) .
I further streamlined the LUT spectrum matching code. Image processing is now done an order of magnitude faster that with the first generation of spectrum matching algorithms, and the results are more accurate. I also worked with my FERI colleagues to develop the associated databases for use in the LUT software package and to develop a version of the LUT code that is designed for distributed processing.
My work does not involve the acquisition of field data. Therefore, no data have been submitted to any national data archive.
RESULTS
The LUT approach to retrieving IOPs, bottom reflectance, and bottom depth information from remotesensing reflectances performed well in its initial application to various PHILLS images. Figure 1 shows a PHILLS image taken near Lee Stocking Island, Bahamas; Fig. 2 is the corresponding acoustic bathymetry. Figure 3 shows the corresponding LUT-retrieved bathymetry (obtained using the improved algorithms developed this year). Figure 4 shows the statistics for a pixel-by-pixel comparison of acoustic and LUT bathymetry for 20,446 pixels along the acoustic boat track seen in Fig. 2 . The LUT retrievals were on average 3.1% or 0.13 m too shallow. We see that 84% of the retrieved depths are within ± 1 m of the correct (acoustic) depth, and that 79% are within ± 20 % of correct. show additional retrievals of bottom classification and water-column IOPs (using the original algorithms).
I briefly studied the effects of atmospheric correction of the retrievals and found that part of the error in previous retrievals (those in was likely due to imperfect atmospheric retrievals. The preliminary retrievals of the Humboldt Bay image show some correlation between the accuracy of the retrieval and whether or not the sun was behind a cloud at the time of the flight line. Again, this difference relates to performing a good atmospheric correction for the sun and atmospheric conditions at the time of data acquisition. Improving the atmospheric correction algorithms is a topic of on-going research.
I also performed a study of various error effects on the LUT retrievals (Mobley, 2004) . In brief, the conclusions are
•
Retrievals of depth, bottom reflectance, and water-column IOPs are not degraded by typical amounts of sensor noise (e.g., random noise, spikes, spectrum dropoff near 400 nm).
• Systematic offsets in measured R rs do degrade retrievals, but such offsets are often easy to identify and correct.
• Non-Lambertian bottoms (not included in the present LUT database) cause depth-retrieval errors of ≤ 10% (i.e., std dev of retrieved depths / true depth ≤ 0.1).
• Sun angle (30 to 60 deg) and off-nadir viewing direction (out to ~30 deg) are not critical for LUT database generation.
• Random noise in IOPs does not significantly degrade retrievals.
• Systematic perturbations in IOPs can cause depth errors of ~10% for darker and deeper bottoms (for the LSI image)
Various error effects of ≤ 10% are consistent with ground-truth comparisons. 
IMPACT/APPLICATION
The problem of extracting environmental information from remotely sensed ocean color spectra is fundamental to a wide range of basic and applied science problems. Extraction of bathymetry and bottom classification is especially valuable for planning military operations in denied access areas. The fusion of hyperspectral imagery with LIDAR bathymetry (or other ancillary data as may be available about the imaged area) promises to improve the already impressive capabilities of hyperspectral imagery for extracting environmental information. This work thus adds to the existing suite of remote sensing analysis techniques.
TRANSITIONS
Various databases of water IOPs, bottom reflectances, and the corresponding R rs spectra, along with the specialized Hydrolight code and spectrum-matching algorithms have been transitioned to Dr. Paul Bissett at the Florida Environmental Research Institute for processing his extensive collection of PHILLS-2 imagery and for use in comparisons of LUT and LIDAR bathymetry.
RELATED PROJECTS
This work is being conducted in conjunction with Dr. Paul Bissett of FERI, who is separately funded for this collaboration. His ONR annual report should be consulted for the details of his contributions to the overall LUT development. The water IOPs and bottom reflectance spectra used to generate the R rs database spectra characteristic of Lee Stocking Island, Bahamas were obtained from CoBOP investigators Charles Mazel, Pamela Reid, Emmanuel Boss, Michael Lesser, and Ronald Zaneveld. The Humboldt Bay imagery and ground truth data were obtained as part of the CI-CORE project (www.flenvironmental.org/projects/ci-core and http://cicore.mlml.calstate.edu)
